An americium(III) selective separation procedure was developed based on the co-extraction of trivalent actinides (An(III)) and lanthanides (Ln(III)) by TODGA (N,N,N',N'-tetraoctyldiglycolamide), followed by Am(III) selective stripping using the hydrophilic complexing agent TS-BTPhen (3,3',3'',3'''-[3-(1,10-phenanthroline-2,9-diyl)-1,2,4-triazine-5,5,6,6tetrayl]tetrabenzenesulfonic acid). Distribution ratios were found at an acidity of 0.65 mol L -1 nitric acid that allowed for the separation of Am(III) from Cm(III) (D Cm > 1, D Am < 1), giving a separation factor between curium and americium of SF Cm/Am = 3.6 within the stripping step.
Solvent extraction and fluorescence spectroscopic investigation of the selective Am(III) complexation with TS-BTPhen

Introduction
The long-term radiotoxicity and heat load of used nuclear fuel is mainly due to the presence of the transuranium elements (TRU: Np -Cm). In the industrially applied PUREX process, recycling of the uranium and the most abundant TRU plutonium is accomplished. The minor actinides (MA) Np, Am, and Cm contribute to less than 0.1% of the initial spent fuel mass, but dominate the long-term radiotoxicity and heat load of the residual high active waste (e.g. vitrified waste) after the PUREX process. [1] Therefore, the MA content in the disposed waste is a decisive factor in determining the size of a final geological repository for high active wastes. Neptunium can be separated in a modified PUREX process, [2] leaving americium and curium as the principal contributors to the long-term radiotoxicity of the remaining waste. The partitioning and transmutation (P&T) concept strives for the multi-recycling of long lived MA in generation IV reactor systems by fast neutron irradiation. To achieve high americium concentrations and high purity in the transmutation targets, a separation of the actinides from lanthanides and fission products has to be achieved. Due to its high specific activity and the high share of spontaneous fission in the decay of curium, any dry or wet fabrication of Cm containing transmutation targets would require special shielding and handling. With respect to the half-life of the major curium isotope 244 Cm (~18 a), a separation of americium from curium and the fission and corrosion products is desirable. However, due to the chemical similarity between americium and curium, it is perhaps the most difficult separation in the P&T strategy. [3] Within international research communities such as the SACSESS project of the European Commission [4] and the US Department of Energy "Sigma-Team", [5] the development of processes for the selective removal of Am is being actively pursued. Different approaches have been investigated to carry out the difficult separation of americium from curium. In addition to solvent extraction methods where the separation of Am(III) is carried out by combining lipophilic and hydrophilic ligands, the selective oxidation of americium to Am(IV) and Am(VI) followed by extraction of the oxidized species has also been investigated, but is not the topic of this paper. [6] [7] Several liquid-liquid extraction processes employing different strategies for MA handling in the fuel cycle have been established based on the high active PUREX-raffinate. [8] [9] On the one hand, there is a multi-cycle option making use of different consecutive processes with individual solvent compositions for each process. On the other hand, single cycle processes have been developed, opening the possibility to separate An(III) simultaneously from the light fission and corrosion products and Ln(III). [10] An important single cycle process is the innovative-SANEX process recently demonstrated at Forschungszentrum Jülich. The process follows the concept of an An(III) + Ln(III) co-extraction using TODGA ( Figure 1 ) in a mixture of TPH containing 5 vol.-% 1-octanol. [11] After scrubbing some undesired co-extracted fission products, the An(III) are then selectively stripped using a water-soluble tetrasulfonated BTP (SO 3 Ph-BTP). [12] [13] [14] The remaining Ln(III) are then stripped using a buffer solution. The co-extraction and scrubbing steps of the innovative SANEX process were taken as the basis for this study. Changing the actinide-selective stripping of the innovative SANEX process to an americium(III) selective stripping step would lead to an americium selective process where americium is separated from curium. The hydrophilic actinide-selective N-donor complexing agent TS-BTPhen (3,3',3'',3'''-[3-(1,10-phenanthroline-2,9-diyl)-1,2,4triazine-5,5,6,6-tetrayl]tetrabenzenesulfonic acid, Figure 1 ) was studied for this purpose. The high selectivity of TS-BTPhen towards americium over curium has been previously described in the literature for the chromatographic separation of Am(III) from Cm(III) using a TODGA-PAN based chromatographic column. [15] Preliminary studies on liquid-liquid extraction using TS-BTPhen [16] in nitric acid and DGA-based extractants in the organic phase have been published recently by our group. [17] In this paper the influence of the hydrophilic complexant TS-BTPhen on the extraction of actinides and lanthanides using TODGA was investigated with respect to its ability to carry out the selective back-extraction of americium from the organic phase.
Furthermore, the complexation of Cm(III) with TS-BTPhen was investigated herein in singlephase TRLFS titration experiments.
The concept of separating solely Am(III) from Cm(III) and all the FP in a single process was first realized by the EXAm process developed by the CEA in France. [18] A separation factor between Am(III) and Cm(III) of SF Am/Cm = 2.5 was achieved within this process by using a combination of DMDOHEMA and HDEHP (di(2-ethylhexyl)phosphoric acid) for extracting Am(III) and light Ln(III), and using TEDGA (N,N,N',N'-tetraethyldiglycolamide) as a hydrophilic complexant in the aqueous feed for complexing Cm(III) and heavy Ln(III) during the extraction. [19] Co-extracted fission and corrosion products were removed by several pH-controlled scrubbing steps. Am(III) was selectively stripped from the solvent using buffered HEDTA solution, resulting in a 68-stage process. Another approach to the selective separation of Am(III) was developed using TODGA for co-extraction of An(III) and Ln(II) in combination with a water-soluble tetrasulfonated BTBP (SO 3 -Ph-BTBP) for Am(III) selective stripping. The combination of TODGA and SO 3 -Ph-BTBP used in the AmSel process provides separation factors of SF Cm(III)/Am(III) = 2.5 and SF Eu(III)/Am(III) =200. [16, [20] [21] The TODGA-TS-BTPhen based concept investigated in this work is a less complex alternative approach to the EXAm process and provides higher separation factors for Cm(III) over Am(III) compared to the AmSel process. complexant was synthesized at the University of Reading according to the literature procedure. [16] Nitric acid solutions (Merck AG) were prepared by dilution from a 65% nitric acid solution ). The separation between two metal ions is expressed using the separation factor, being the quotient of the distribution ratios of two metal ions (SF = D M1 /D M2 ). The uncertainties of the data achieved from the method described above is < 5% for 0.01 < D < 100.
Below and above these limits the uncertainties are lower than 20% for all data shown. 
Results and Discussion
Influence of the nitric acid concentration
Batch extraction experiments were carried out to analyse the influence of the nitric acid concentration on the co-extraction of Am(III), Cm(III) and Eu(III), and the selective stripping of to be the classical behavior of neutral extractants such as TODGA. [22] The influence of TS-BTPhen addition to the aqueous phase is shown by the filled symbols. The addition of the hydrophilic ligand decreased the distribution ratios of An(III) by ca three orders of magnitude, while the Eu(III) distribution ratios were only decreased by one order of magnitude, resulting in a high Eu/Am separation factor of SF Eu/Am = 300 at 0.65 mol L -1 nitric acid. However, lanthanides lighter than Eu may have a significantly lower separation factor SF Ln/Am . [23] The distribution ratios of Am(III) were affected slightly more than those of Cm(III). The separation factor for Cm(III) over Am(III) increased from SF Cm/Am = 1.6 for a TODGA-nitric acid system to SF Cm/Am = 2.4 to 4.5 using TS-BTPhen in the nitric acid concentration range covered by Figure 2 in the aqueous phase are similar to the SF Eu/Am values reached using SO 3 -Ph-BTP (250-1000), [24] and are in agreement with the separation factors previously reported for TS-BTPhen. [16] A high nitric acid concentration in the stripping step is favorable, as it simplifies scrubbing and gives robustness to the system. The region of interest for Am(III) selective separation using 10 mmol L -1 TS-BTPhen is around 0.65 mol L -1 initial nitric acid concentration, providing separation factors of SF Eu/Am ≈ 300 and SF Cm/Am = 3.6. The distribution ratios of Am(III), Cm(III) and Eu(III) all
show a linear increase with increasing TODGA concentration in the log(D) vs. log([TODGA])
plot. The results were already previously published. [17] 
Behavior of the lanthanides
For a feasible selective separation of Am(III) from a loaded organic phase, not only is the separation of the trivalent actinides Am(III) and Cm(III) important, but so too is the separation of Am(III) from co-extracted lanthanides. The distribution ratios of Ln(III) are known to be high for TODGA-based organic phases at the relevant nitric acid concentrations. [25] Within the lanthanide group, the distribution ratios increase with decreasing ionic radius of the lanthanide. [26] Figure 3 shows the comparison of the distribution ratios of Ln(III) and An(III) using TODGA against nitric acid (Figure 3 A) and TODGA against nitric acid containing 10 mmol L -1 TS-BTPhen (SF La/An ≈ 50), but the selectivity for curium over americium (SF Cm/Am ) is significantly higher. [24] The initial concentration of the Ln(III) in the aqueous phase was 10 -5 mol·L -1 of each lanthanide. 
Effect of the TS-BTPhen-concentration
The influence of the TS-BTPhen concentration on the distribution ratios of Am(III), Cm(III) and
Eu(III) was tested in the concentration range from 1 to 50 mmol L -1 . Figure 4 shows the distribution ratios as a function of the TS-BTPhen concentration on a logarithmic scale at constant nitric acid and TODGA concentrations. A slope of −0.8 was observed for the linear regression of the Am(III) and Cm(III) data with increasing TS-BTPhen concentration. The Eu(III) data did not follow a linear trend in the doublelogarithmic plot. In solution, the structurally similar lipophilic extractant CyMe 4 BTPhen preferentially forms 1:2 complexes with An(III), as demonstrated by TRLFS and NMR studies. [16, 27] Therefore, a slope of −2 would also have been expected if the hydrophilic TS-BTPhen forms 1:2 complexes with An(III) in the aqueous phase. Equation 1 shows the simplified possible complexation reactions with An(III) in the TODGA/TS-BTPhen system. Similar deviations are also observed in the TODGA/SO 3 -Ph-BTP and TODGA/SO 3 -Ph-BTBP systems. [24, 28] The differences between a slope of −0.8 in the slope analysis and the expected slope of −2 may be related to the formation of mixed complexes. Time resolved laser fluorescence (TRLFS) studies were subsequently carried out to analyse the deviation between the slopes (n = 1 or 2) of the hydrophilic BTPhen and the literature stoichiometry of the lipophilic BTPhen, and to obtain comprehensive data on the complex properties. 
An(III) aq + n TS-BTPhen aq → [An(III)(TS-BTPhen) n ] aq
An(III) aq + 3 TODGA → [An(III)(TODGA) 3 ]
Cm(III) TRLFS studies of TS-BTPhen
Complexometric titrations were carried out by adding TS-BTPhen to a 10 -7 mol L -1 Cm(III) solution in 10 -3 mol L -1 HClO 4 as well as in 0.5 mol L -1 HNO 3 . As The fluorescence spectra in Figure 5 show three emission bands, the Cm(III) aquo ion (Cm(III) solvent species) at 593.9 nm and the emission bands of two complex species at 606.5 nm and 617 nm. The observed bathochromic shifts of the emission bands of the complex species are characteristic of the formation of a 1:1 and a 1:2 complex with a strong tetradentate N-donor ligand like TS-BTPhen [20, 27, 29] . Peak deconvolution was carried out, providing the spectra of the pure components shown in Figure 6 . The spectra of both complex species exhibit a hot band caused by population of a higher energy level by thermal effects. The hot bands are visible as shoulders at higher energy at 597 nm and 607 nm, respectively. [30] 
Figure 6
Normalized fluorescence spectra of the [Cm(TS-BTPhen) n ] complexes in 10 -3 mol L -1 HClO 4 (n= 0, 1, 2).
The relative distribution of the different Cm(III) species after each titration step was obtained by peak deconvolution of the fluorescence spectra using the emission bands of the individual species (cf. Figure 6 ). As the fluorescence intensity increases strongly upon complexation as a result of intramolecular energy transfer processes, [31] fluorescence intensity factors (FI) of the Cm-TS-BTPhen complexes have to be considered when calculating the concentrations of the formed Cm(III) species from the peak areas obtained by peak deconvolution. The . Therefore, the species with emission bands at 606.5 nm and 617.0 nm were identified as 1:1 and 1:2 complexes, respectively ( Figure   8 ). Furthermore, conditional stability constants were derived from the speciation yielding logβ 01 = 6.2 for the 1:1 complex, and logβ 02 = 10.7 for the 1:2 complex. The determination of the number of water molecules in the inner coordination shell by measurement of the fluorescence lifetime of the two complex species was not possible, due to the fluorescence quenching properties of TS-BTPhen.
Further experiments were performed in 0.5 mol L -1 HNO 3 to study the complexation of Cm (III) under extraction conditions. Figure 9 shows the normalized fluorescence emission spectra of Cm(III) at increasing TS-BTPhen concentration in 0.5 mol L -1 nitric acid. The Cm(III) solvent species displays two emission maxima at 595 nm and 597 nm. These emission bands correspond to the formation of a mixture of Cm(III) aquo ion and Cm(III) mononitrato complex and are in excellent agreement with the literature. [32] An additional species at 618.8 nm was observed at higher TS-BTPhen concentrations with a similar bathochromic shift as the [Cm(TS-BTPhen) 2 ] complex observed in 10 -3 mol L -1 HClO 4 . The peak intensity of an additional 1:1 species at 606 nm was very low in nitric acid. The conditional stability constants were calculated to be logβ 01 = 4.2 for the 1:1 complex, and logβ 02 = 8.8 for the 1:2 complex. A summary of the obtained conditional stability constants in different media is given in Table 1 . The minor amounts of the 1:1 complex obtained above in HNO 3 compared to the titration experiment performed in 10 -3 mol L -1 HClO 4 is explained by the effects of the applied medium.
As already observed by Wagner et al [20] , the increase of ionic strength destabilizes the mono Previous studies have shown the protonation of the free ligand to be the major contribution to the decrease of the conditional stability constants. [20] [27] and is attributed to the greater degree of preorganization 
Biphasic TRLFS Experiments
To analyze the complexes formed during the solvent extraction experiments, a two phase TRLFS experiment was performed. An aqueous phase containing Cm(III) and TS-BTPhen dissolved in 0.13 mol/L nitric acid was contacted with an organic phase containing TODGA in Exxsol D80 (a diluent very similar to TPH) + 5 vol.-% 1-octanol. After extraction, the phases were analyzed using TRLFS. Figure 12 shows the spectra of the organic (left) and aqueous phases (right). The spectra of [Cm(TS-BTPhen) 2 ] and [Cm(TODGA) 3 ](NO 3 ) 3 [26] were added for comparison. 
Conclusions
The novel complexing agent TS-BTPhen was investigated for its selectivity for Am(III) over Cm(III) and Ln(III) with a view to its application as a complexing agent for the selective recovery of Am(III) from PUREX raffinate. In solvent extraction experiments, the distribution ratios of the trivalent actinides were significantly reduced using TS-BTPhen in the aqueous phase in combination with TODGA in the organic phase. A separation factor between Cm(III) and
Am(III) of SF Cm/Am = 3.6 was achieved at nitric acid concentrations which allowed for a feasible separation of Am(III) from Cm(III) (D Cm > 1, D Am < 1 using 10 mmol L -1 TS-BTPhen at 0.65 mol L -1 nitric acid). The lanthanides were less affected by the presence of TS-BTPhen in the aqueous phase resulting in a minimum separation factor of SF La/Am = 20 at 0.25 mol L -1 nitric acid. The separation factor SF Ln/An is lower compared to SO 3 -Ph-BTP used in the i-SANEX test (SF La/Am ≈ 50), but the SF Cm/Am is higher, making the system attractive for a selective Am(III) separation process. A slope analysis of TS-BTPhen gave a slope of −0.8 for the actinides. To 
